ABSTRACT: Zika virus (ZIKV) is a mosquito-borne flavivirus that leads to devastating consequences for fetal development. However, accurate diagnosis of ZIKV is made difficult by the fact that most infected patients are asymptomatic or present with symptoms similar to those of other febrile illnesses. Thus, the development of a simple, accurate, highly sensitive, and reliable method for the biomedical analysis and diagnosis of ZIKV is needed. Herein, a novel ZIKV liquid biopsy system was constructed via a dendritic Ru(bpy) 3
■ INTRODUCTION
The Zika virus (ZIKV) is an Aedes mosquito-borne flavivirus that could produce devastating consequences for the process of fetal development. 1−3 Furthermore, ZIKV has been declared a public health emergency of international concern by the World Health Organization (WHO) because of the large-scale outbreak of the virus in the Americas. 4, 5 ZIKV mainly spreads via infected mosquito bite, but can also be transmitted by mother-to-fetus transmission, sexual contact, or blood transfusion. 6−10 Additionally, it has been indicated that the infection of ZIKV was the main cause of Guillain-Barreś yndrome, 11, 12 congenital microcephaly, 13, 14 and neurological defects in newborns. 15, 16 Thus, the development of a simple, accurate, highly sensitive, and reliable method for the biomedical analysis and diagnosis of ZIKV would be of great significance for the prevention and control of ZIKV. However, biomedical analysis and accurate diagnosis of ZIKV are made difficult by the fact that most infected patients are asymptomatic or present symptoms similar to those of other febrile illnesses. 17 The existing immunoassays for ZIKV detection, such as the enzyme-linked immunosorbent assay (ELISA), 18, 19 provide an inexpensive and instrumentless approach, but their poor sensitivity and specificity limited the application of these immunoassays applied to the clinical detection and diagnosis of ZIKV. 20, 21 In particular, the antibody used in the immunoassay for ZIKV detection would also respond to homologous flaviviruses, such as Dengue virus. 22, 23 Thus, the specificity of immunoassays cannot meet the requirements for the accurate detection and early diagnosis of ZIKV. 24 Conversely, the enzymatic amplification-based detection assays, such as reverse-transcription polymerase chain reaction (RT-PCR) 25, 26 and nucleic acid sequence-based amplification (NASBA), 27, 28 are endowed with the properties of high sensitivity and desirable specificity. In particular, the PCRbased assays are considered the gold standard for ZIKV detection. However, the labor-intensive sample pretreatment steps, expensive equipment, centralized laboratory facilities, and trained personnel required by PCR greatly reduced the popularization rate of its clinical application. 29, 30 Therefore, it is of significance to develop a novel method for biomedical analysis and diagnosis of ZIKV.
In recent years, the rapid developments in biomedical analysis and analytical chemistry have led to the emergence of many new detection platforms. 31−34 This advancement inspired us to construct a new methodology for biomedical analysis and diagnosis of ZIKV. Herein, a novel ZIKV liquid biopsy system was constructed by integrating a dendritic Ru(bpy) 3 2+ -polymer-amplified electro-chemiluminescence (ECL) strategy as an effective signal giving-out pattern. This system accomplished amplification-free analysis of ZIKV using a drop of blood, and simultaneously achieved a high sensitivity of 500 copies and desirable specificity. This strategy adopted the humoral biomarker as the diagnostic index, which greatly simplified the biomedical analysis process, and established a nondestructive detection mode. Furthermore, we investigated the performance index for the biomedical analysis of clinical ZIKV samples, and the results indicated that the Ru(bpy) 3 2+ -polymer-amplified ECL strategy steadily responded to ZIKV from the body fluid (blood, saliva, and urine). Hence, this system suitably met the strict clinical requirements for ZIKV detection and thus has the potential to serve as a new paradigm for the biomedical analysis and diagnosis of ZIKV.
■ RESULTS AND DISCUSSION
Design of a Dendritic Ru(bpy) 3
2+
-Polymer-Amplified ECL Assay. The constructed ZIKV liquid biopsy system was composed of the sample pretreatment, RNA enrichment, and ECL signal readout steps (Figure 1 ). First, ZIKV samples from body fluids (blood, saliva, and urine) were pretreated by dissociation and magnetic bead enrichment. Biomedical analysis and diagnosis of ZIKV via body fluid samples can provide a nondestructive detection mode that greatly simplifies the analysis process and alleviates the damage to the patients. Subsequently, The RNA of ZIKV was immobilized on magnetic beads by capture probe. The magnetic bead enrichment step can concentrate low-concentration ZIKV RNA from the ZIKV samples and increase the specificity via the recognition induced by the capture probe, which immobilized the ZIKV RNA on the magnetic beads. Finally, the RNA captured by the magnetic beads was recognized by the dendritic Ru(bpy) 3 2+ -polymer-amplified ECL probe after the washing process. The amplified probe provides a stable, intense response signal for ZIKV, and serves as the foundation of the high sensitivity of the method. The distinguishable ECL signals were then detected by an ECL instrument.
The construction of the dendritic Ru(bpy) 3 2+ -polymeramplified ECL probe for ZIKV comprises the synthesis of Ru(bpy) 3 2+ and probe assembly. The synthetic route and characterization of activated Ru(bpy) 3 2+ are shown in Figure  2A (the complete synthetic process is outlined in section 1.1 of the Supporting Information, Figures S1 and S2 ). The assembly of the dendritic Ru(bpy) 3 2+ -polymer-amplified ECL probe ( Figure 2B ) was initiated via the sulfhydryl and double-bond interaction between the dendritic polymer and the DNA recognition domain (the structural formula of the dendritic polymer and the reaction process are presented in Figures S3  and S4 ). In this structure, the amino groups of the dendritic polymer provided the conjugation site for carboxyl-activated Ru(bpy) 3 2+ (the complete synthetic route for the dendritic Ru(bpy) 3 2+ -polymer-amplified ECL probe is outlined in section 1.2 of the Supporting Information). The differences in properties between the dendritic Ru(bpy) 3 2+ -polymer and Ru(bpy) 3 2+ were compared, and are listed below. The photograph of the dendritic Ru(bpy) 3 2+ -polymer and Ru(bpy) 3 2+ in Figure 2C indicated that the dendritic Ru(bpy) 3 2+ -polymer exhibited a light-brown color, and that Ru(bpy) 3 2+ was yellow. This presents the obvious distinctions between the dendritic Ru(bpy) 3 2+ -polymer and Ru(bpy) 3 2+ in character. The spectral characterization results ( Figure 2C ) reveal that the dendritic Ru(bpy) 3 2+ -polymer possesses excitation and emission wavelengths identical to those of Ru(bpy) 3 2+ ( Figures S5 and S6 ). The maximum absorption peak of the dendritic Ru(bpy) 3 2+ -polymer appeared at 450 nm, whereas the emission peak appeared at 660 nm. These results indicate that the synthetic route for the dendritic Ru(bpy) 3 2+ -polymer is feasible, and that Ru(bpy) 3 2+ and the dendritic polymer can be connected. Meanwhile, we evaluated the junction between the dendritic Ru(bpy) 3 2+ -polymer and the specific recognition domains to confirm the feasibility of the assembly step for the dendritic Ru(bpy) 3 2+ -polymer-amplified ECL probe. Specifically, the dendritic Ru(bpy) 3 2+ -polymeramplified ECL probe was characterized on the basis of its absorption spectrum. The results in Figure 2D indicate that absorption peaks simultaneously appeared at 260 nm (DNA peak) and 450 nm (Ru(bpy) 3 2+ peak) after the dendritic 2+ -polymer-amplified strategy. Excess TPA (10 μM) was added to the ECL chip to assist ECL generation by the dendritic Ru(bpy) 3 2+ -polymer.
Ru(bpy) 3 2+ -polymer was linked with nucleic acids. These results are consistent with the aforementioned predictions, thereby demonstrating the feasibility of bond formation between the dendritic Ru(bpy) 3 2+ -polymer and a specific recognition domain.
The labeling rate of the dendritic Ru(bpy) 3 2+ -polymer was evaluated by simultaneously recording the fluorescence and absorption spectra. Herein, the labeling rate represents the rate at which the amino group on the dendritic polymer connects with Ru(bpy) 3 2+ . This labeling rate was achieved with an excess of Ru(bpy) 3 2+ and thus represents the saturated labeling amount of Ru(bpy) 3 2+ on dendritic Ru(bpy) 3 2+ -polymer. Additionally, the absorption and fluorescence spectra of the dendritic Ru(bpy) 3 2+ -polymer were recorded to calculate the extent of labeling via comparison with the standard curves ( Figures S7 and S8 ). Both the absorption and fluorescence spectra indicated that a labeling rate of approximately 50% Ru(bpy) 3 2+ on the dendritic polymer was achieved. The particle size and ζ potential are listed in Figures S9 and S10. These results also preliminarily verified the feasibility of the synthetic route for the dendritic Ru(bpy) 3 2+ -polymer. In addition, we also investigated the stability of the ECL intensity of the dendritic Ru(bpy) 3 2+ -polymer probe. The ECL signal of the dendritic Ru(bpy) 3 2+ -polymer probe was detected at different time points (an excess of the reactant, terephthalic acid, was used). The results in Figure S11 show that the dendritic Ru(bpy) 3 2+ -polymer probe provided an intense ECL signal. Additionally, the ECL intensity of the dendritic Ru(bpy) 3 2+ -polymer probe remained stable for different times from 10 to 60 min, revealing the stability of the luminescence from the dendritic Ru(bpy) 3 2+ -polymer probe. Target Sequence Design Strategy. ZIKV belongs to a series of flaviviruses that are homologous in genetic information. Thus, the existing methods based on immunoassays cannot effectively differentiate different flaviviruses, especially the dengue virus and ZIKV. 35−37 In this work, we designed the conserved sequence from the ZIKV NS1 gene. 38, 39 The genomes of ZIKV strains used in the present study were downloaded from the National Center for Biotechnology Information (NCBI) database (http://www. ncbi.nlm.nih.gov/genome/viruses/variation/Zika/), and aligned using MEGA 7. Conserved ZIKV-specific sequences that were divergent from other flaviviruses were identified. The alignment results of some ZIKV strains and other related flavivirus strains are shown in Figure 3 . For the ZIKV strains, the Asian lineage is in purple, while the African lineage is in red. Herein, we verified the specificity of the ZIKV liquid biopsy system for flaviviruses with the designed sequence. The results in Figure 4A indicated that the ZIKV liquid biopsy system could specifically respond to ZIKV, and that the other flavivirus group did not provide an ECL signal that could differentiate them from the control group. Therefore, the specificity of the ZIKV liquid biopsy system obtained a better proof. Additionally, the sequence was distinctive from those of the other flaviviruses. The results proved that this system could respond to different ZIKV strains ( Figure 4B ). Five ZIKV strains were simultaneously detected, and stable and differentiable ECL signals were acquired. Thus, the ZIKV liquid biopsy system provided outstanding specificity and desirable The genomes of ZIKV strains used in the present study were downloaded from the NCBI database, and aligned using MEGA 7. Conserved ZIKV-specific sequences that were divergent from other flaviviruses were identified. For the ZIKV strains, the African lineage is in red, while the others are of Asian lineage.
ZIKV recognition ability. These performance indexes indicate that this system can suitably meet the clinical requirements for a ZIKV liquid biopsy method. Performance Index of the Dendritic Ru(bpy) 3 2+ -Polymer-Amplified ECL Strategy. Performance indexes of the dendritic Ru(bpy) 3 2+ -polymer-amplified ECL strategy were evaluated in this section. First, we evaluated the sensitivity of the dendritic Ru(bpy) 3 2+ -polymer. The results in Figure 4C revealed that the dendritic Ru(bpy) 3
-polymer reached a high sensitivity of 500 copies. Therefore, the dendritic Ru(bpy) 3 2+ -polymer provided an excellent luminescence signal over a wide response range, providing a foundation for the clinical detection and diagnosis of ZIKV. We also investigated the specificity of the dendritic Ru(bpy) 3 2+ -polymer-amplified ECL assay by comparing the ECL intensity produced in response to the specific sequence and random sequences (listed in Table  S2 ). The results in Figure 4D indicated that only the specific ZIKV sequence resulted in intense ECL; the random sequences showed essentially the same ECL intensity as that of the control group. This result verifies the specificity of the polymer-amplified ECL assay for nucleic acids.
Verification of the Zika Virus Liquid Biopsy System for Infected Mice. In this section, we constructed a mouse mode of the ZIKV infection. Blood and urine samples were collected and detected for the preliminary verifications of the ZIKV liquid biopsy system in clinical sample detection. However, the detection of saliva samples was not executed because saliva samples were very difficult to collect. We first detected blood samples from the mice infected with ZIKV. The blood samples were treated with a 5-fold volume of sodium dodecyl sulfate (SDS) buffer. The results in Figure 5A revealed that the ZIKV liquid biopsy system achieved a high detection ratio of 90%. Then, the urine samples from the infected mice were collected by a simple device constructed by our group (Figure 5B) . Subsequently, the solution of ZIKV was cracked by SDS buffer; the RNA of ZIKV was concentrated and purified by magnetic bead enrichment. Finally, the response signal was obtained by the dendritic Ru(bpy) 3 2+ -polymer probe. The results in Figure 5C indicated that the ZIKV liquid biopsy system could stably respond to all the ZIKV samples from the urine of infected mice. Stable signals were acquired from most of the urine samples. Thus, it can be proven that this ZIKV liquid biopsy system possesses the ability to detect ZIKV from the urine and blood of the mice that were artificially infected with ZIKV. The results in Figure 5D indicated that the ZIKV liquid biopsy system could specifically respond to ZIKV in blood and urine, and that the other flavivirus groups did not provide an ECL signal that could differentiate from the control group. Therefore, the specificity of the ZIKV liquid biopsy system for body fluid samples was proven.
Instance for Biomedical Analysis of ZIKV from Clinical Samples. Previous studies have established that ZIKV can be detected in body fluids (blood, saliva, and urine) of infected patients. In symptomatic patients, viremia ranges from 7.28 × 10 6 to 9.3 × 10 8 copies/mL, and in asymptomatic patients, it ranges from 2.5 × 10 3 to 8 × 10 6 copies/mL.
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These results inspired us to construct a novel detection mode (ZIKV liquid biopsy system) that adopted the humoral biomarker as the diagnostic index, which greatly simplified the biomedical analysis process, and established a nondestructive approach. For verification of whether this system can be applied to the clinical samples, the sensitivity of this ZIKV liquid biopsy system for blood samples was assessed, and the results are recorded in Figure 6A . The sensitivity of this system reached 10 3 copies, indicating that it could detect the viral load in most ZIKV patients. Moreover, we simulated spiked ZIKV samples by adding ZIKV to body fluids (blood, saliva, and urine). Specifically, 10 6 ZIKV copies were added to the 120 samples from healthy adults. We proceeded to carry out stability estimations with the spiked ZIKV samples (50 blood samples, 50 saliva samples, and 20 urine samples). The results in Figure 6B −D indicate that the ZIKV in body fluids (blood, saliva, and urine) can be steadily detected by the ZIKV liquid biopsy system. This finding confirmed the performance of the ZIKV liquid biopsy system on clinical samples. In Figure 6 , only 30 samples are listed; the remaining 90 samples are shown in Figures S12− S14. The positive rates achieved in spiked blood, saliva, and urine samples were 94%, 96%, and 90%, respectively. Thus, these results indicated that this system could be applied to the liquid biopsy of ZIKV samples. Although we intended to use the detection process for assessing clinical samples from patients who were infected with ZIKV to further evaluate the properties of the ZIKV liquid biopsy system, patients infected with ZIKV in China are very rare. We sought to collect body fluid samples from patients infected with ZIKV, but did not find them. Thus, this strategy remains to be examined by body fluid samples from patients infected with ZIKV. However, the spiked samples in blood, saliva, and urine confirmed the feasibility for clinical samples to some extent.
Comparisons with Existing ZIKV Detection Methods. The existing ZIKV detection methodology focused on the biomarkers such as virus-specific antigens, immunoglobulins, antibodies, and viral nucleic acids. Herein, we systematically compared the performance of existing ZIKV detection methods and the ZIKV liquid biopsy system. As shown in Figure 7A , the ZIKV detection methods that hinged on quantitative information obtained from proteic biomarkers were mostly based on the immunoassay strategy 42−45 (such as ELISA and immunochromatography) which could not differentiate ZIKV from the other homologous flaviviruses, such as the Dengue virus. The homology of flaviviruses greatly limits the application of ZIKV detection methods based on the immunoassay strategy to clinical analysis. In addition to this limitation, the main shortcomings of immunoassays for ZIKV are the low sensitivity and the high costs of antibodies. Therefore, ZIKV detection methods based on viral nucleic acids 46−51 ( Figure 7B ) provided superior alternative to immunoassays that could differentiate the other flaviviruses via sequence analysis and could provide improved specificity. Furthermore, the sensitivity and the whole costs were considerably improved. However, these methods require time-consuming, complex sample preparation and nucleic acid extraction procedures. The commercial kits of sample preparation and nucleic acid extraction procedures require more than 40 min and skilled technicians, and the subsequent PCR usually requires approximately 40 min. Thus, a whole PCR process for ZIKV detection took more than 80 min.
Compared with these methods, the ZIKV liquid biopsy system ( Figure 7C ) achieved a sensitivity that was slightly lower than the PCR and NASBA methods. However, the sensitivity is sufficient to meet the clinical needs for ZIKV liquid biopsy. Meanwhile, the process was substantially simplified because no amplification step is required by the ZIKV liquid biopsy system; only 40 min was required to analyze each sample. Furthermore, the ZIKV liquid biopsy system can differentiate ZIKV from other flaviviruses, and desirable specificity was obtained. The cost of the ZIKV liquid biopsy system was 25 Yuan RMB for one test (the details are listed in Table S3 ). This cost is much lower than those of an immunoassay and most of the nucleic acid-based diagnoses. In addition, direct comparison with existing techniques (immunoassay, PCR, NASBA) using commercial kits was performed under the same experimental conditions. The results and descriptions are detailed in the Supporting Information. In conclusion, this ZIKV liquid biopsy system suitably met the strict clinical requirements for ZIKV detection and thus has the potential to serve as a new paradigm for the biomedical analysis and diagnosis of ZIKV.
■ CONCLUSIONS
A novel ZIKV liquid biopsy system was constructed by integrating a Ru(bpy) 3 2+ -polymer-amplified ECL strategy as an effective signal giving-out pattern. The amplification-free analysis of ZIKV was performed using a drop of blood, and a high sensitivity of 500 copies and desirable specificity were simultaneously achieved. This strategy adopted the humoral biomarker as the diagnostic index, which greatly simplified the biomedical analysis process, and established a nondestructive detection mode. Furthermore, we investigated the performance index for the biomedical analysis of clinical ZIKV samples, and the results indicated that the Ru(bpy) 3 2+ -polymer-amplified ECL strategy reliably responded to ZIKV in body fluids (blood, saliva, and urine). Hence, this system suitably met the strict clinical requirements for ZIKV liquid biopsy and thus has the potential to serve as a new paradigm for the biomedical analysis and diagnosis of ZIKV.
■ EXPERIMENTAL SECTION
Reagents. All of the oligonucleotides and probes used in this paper were synthesized and purified by Invitrogen. cisBis(2,2′-bipyridine)dichlororuthenium(II), 2,2′-bipyridine-4, 4′-dicarboxylic acid, N,N′-dicyclohexylcarbodiimide (DCC), sodium borate, sodium hexafluorophosphate, N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were obtained from Alfa Aesar Co., Ltd. Streptavidin magnetic beads were synthesized by New England BioLabs. Diethylpyrocarbonatetreated (DEPC-treated) water and RNAase inhibitor were obtained from Takara Biotechnology (Dalian) Co., Ltd.
Synthetic Routes for Ru(bpy) 3 2+ and Dendritic Ru-(bpy) 3 2+ -Polymer. The Ru(bpy) 3 2+ -NHS ester was synthesized by the synthetic procedure for Ru(bpy) 2 (dcbpy)(PF 6 ) 2 and activation of the carboxyl group on Ru(bpy) 3 2+ . Ru-(bpy) 2 (dcbpy)(PF 6 ) 2 was synthesized by refluxing cisdichlorobis(2,2′-bipyridine)ruthenium(II) with an excess of the corresponding 2,2′-bipyridine-4,4′-dicarboxylic acid (1:1.2) in an ethanol/water (80%) mixture and incubating the mixture at 80°C for one night. The solution was subsequently cooled and acidified (pH = 4.4) to crystallize out the unreacted 2,2′-bipyridine-4,4′-dicarboxylic acid. The sediment was washed and removed with a qualitative filter-paperbased suction filter. A precooled solution of sodium hexafluorophosphate (NaPF 6 ) was added to the resultant filtrate isolates of the ruthenium complexes as PF 6 salts. The mixture was cooled with an ice−water mixture. Then, the crystal products were treated with the freeze-drying process to eliminate the influence of volatile solvents. At this point, the synthetic procedure for Ru(bpy) 2 (dcbpy)(PF 6 ) 2 was terminated.
The core of the dendritic polymer was obtained from Sigma and then modified with amino acids via lipid reactions. The molecular ratio between maleimide-labeled DNA and the amino-labeled dendritic polymer was set as 10:1. A mixture of maleimide-labeled DNA and the amino-labeled dendritic polymer was incubated at 37°C for 12 h. Then, the dissociated DNA was removed with an ultrafiltration device. The obtained products were mixed with carboxyl-activated Ru(bpy) 3 2+ at a molecular ratio of 1:1000 and incubated at 37°C for 12 h. The products were purified by sedimentation with precooled alcohol solution and centrifugation.
Dissociation Process of ZIKV and Magnetic Beads Enrichment. The ZIKV samples were separated with a commercial virus-lysis kit, the key constituent of which was SDS. To achieve a better separation effect, the solution could be heated to 60°C for 5 min. A 10 μL portion of magnetic beads (1 mg/mL) labeled with capture probe was added to each sample for 10 min. Meanwhile, the mixture was processed by magnetic separation. The captured products were collected for later ECL steps.
ECL Process. The magnetic beads used in this assay were labeled with streptavidin and could recognize and bind biotin from the capture probe. The signal probe, composed of the dendritic Ru(bpy) 3 2+ -polymer and recognition domain, was employed as the ECL-generating group. When the target is present, the capture probe and signal probe form the classic sandwich structure, which can be adapted to nucleic acid detection. The gradient cooling process was more effective. Eventually, the streptavidin magnetic beads captured the sandwich structure. After the washing steps, the ECL signal was detected in the presence of the coreactant tripropylamine (TPA).
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